Using a modern cementing technique, we implanted 22 stereolithographic polymeric replicas of the Charnley-Kerboul stem in 11 pairs of human cadaver femora. On one side, the replicas were cemented line-to-line with the largest broach. On the other, one-size undersized replicas were used (radial difference, 0.89 mm SD 0.13).
The quality and morphology of the cement mantle surrounding femoral hip implants determine their long-term performance. Defects in the cement mantle or areas of thin cement compromise the strength of fixation of an implant and allow communication between the cement-stem and cement-bone interfaces, potentially serving as sites for osteolysis. [1] [2] [3] [4] [5] [6] [7] [8] Biomechanical studies suggest that the cement mantle should be at least 2 mm thick at the calcar and, thicker distally around the tip of the stem. [9] [10] [11] [12] [13] [14] [15] In order to ensure such a continuous 'thick' cement mantle some implants are made to be smaller than the matching broach. 16 Then, a stem centraliser enhances the cement mantle by avoiding point contact between the bone and the implant and improving alignment of the stem. 3, 17, 18 Preparation of the canal using the largest possible broach and implantation of a stem with the same dimensions as the broach (lineto-line), might be expected to result in an incomplete cement mantle of minimal thickness. Retrieval studies and biomechanical modelling have suggested that such a mantle is detrimental to the survival of the stem but this has not been the experience with some designs such as the Charnley-Kerboul stem. [19] [20] [21] [22] [23] This paradox may be explained, at least in part, by the pressurisation of the cement into cancellous bone during insertion of the implant. [23] [24] [25] [26] The result is a mantle with few defects and a greater effective thickness than would be expected.
In order to examine this paradox, we studied the cement-bone complex surrounding Charnley-Kerboul implants using a validated measurement technique based on computerised tomography (CT). 27, 28 We evaluated centralisation and alignment of the stem, the variation in thickness of the cement mantle and the distribution and incidence of defects of the mantle in paired human cadaver femora after cementing line-to-line or using undersized stems.
Materials and Methods
Implants and stem cementing technique. We implanted 22 polymeric replicas of the CharnleyKerboul femoral stem (CMK; Stratec Medical, Oberdorf, Switzerland) in 11 pairs of embalmed cadaver femora. These radiolucent stereolithographic replicas (Viper si2 SLA system; 3D Systems, Valencia, California) were produced from laser scans of the original metal femoral components (ATOS II SO, GOM, Capture3D, Detroit, Michigan). Polymeric replicas were used for the study to avoid beam scatter of the CT scan associated with metal devices.
THE JOURNAL OF BONE AND JOINT SURGERY An experienced hip surgeon (TS) and an experienced theatre nurse (CVP) using the original CMK instrumentation performed all the implantations. Anteroposterior and lateral radiographs were taken of the 11 pairs of cadaver femora. Radiological templating was performed using the original CMK templates to determine the position of resection of the neck which was duplicated in the paired femora. An alignment rod was used to open the medullary canal, and serial broaches of increasing size were then used to expand the femoral cavity until the largest possible broach could be introduced. No cancellous bone was curetted. The femoral pairs were broached to the same size. A replica of the CMK stem, the same size as the broach, was implanted on one side and a replica one-size smaller with an appropriate distal centraliser was cemented on the other (Fig. 1 ). Sides were allocated randomly. Before cementing, line-toline stems achieved some rotational stability in the broached medullary canal, whereas undersized stems did not.
We used a third-generation cementing technique. The distal femoral canal was occluded with a cement restrictor plug. Pressure lavage was performed with 2l of water at 37˚C. Two units (80 g) of polymethylmethacrylate cement (Palamed; Biomet, Warsaw, Indiana) were vacuum mixed (30 s, 0.1 bar) at 18˚C using a commercially-available mixing/pressurising system. The cement was injected into the canal in a retrograde fashion three minutes after the commencement of mixing and then pressurised for one minute using a proximal femoral seal. Four minutes after the start of mixing, the stem replica was inserted manually into the femur until the collar of the stem rested on the calcar. In all cases this was achieved without hammering on the stem. Pressure was maintained during insertion of the stem and until the cement was set. CT-based evaluation of the cement mantle. All specimens were scanned by a Somaton Sensation 16 CT scanner (Siemens AG, Erlanger, Germany) using the following settings: adjacent slices; collimation 16 x 0.75 mm; slice thickness 1.0 mm; and reconstructed slice interval, 0.5 mm. Scanning was performed from the medial cut edge of the calcar to the distal tip of the implant.
Custom segmentation software was developed in Matlab 6.5 (MathWorks Inc, Natick, Massachusetts) to analyse the CT scans. From the grey scale values the contours of the outer and inner bone cortex, the cement mantle and the prosthesis were identified. The contours were superimposed on the corresponding CT scans for visual control and if nec- essary, the grey value thresholds were adjusted to optimise the segmentation process.
The volumes of the four elements of interest, namely the cortical and cancellous bone, the cement and the prosthesis were identified. Their degrees of centralisation, the distances between centroids, were calculated in six regions along the femoral implant as follows: the proximal region, 1/6 and 2/6; the middle region, 3/6 and 4/6 and the distal region, 5/6 and 6/6 (Fig. 2) . The alignment of the femoral stem was calculated from the angle between the line of best fit to the centroids of the medullary canal and the line of best fit to the centroids of the stem replica. Both lines were calculated in a 6 cm straight section of the stem, starting 1 cm above its tip. Lines of best fit were calculated using the Karhunen-Loève transformation 29 which maximises the sum of the squared distances of the projections on to the fitted line and at the same time minimises the sum of the squared distances perpendicular to it. This technique can be regarded as a 'Total Least Squares' method for line fitting. 30 In the frontal plane, the angle between both lines was the varus-valgus tilt. The frontal plane was defined by the longitudinal axis of the stem, the line of best fit for the centroids of the stem, and the major axis of the cross-section of the stem. In the sagittal plane, perpendicular to the frontal plane and defined by the longitudinal axis and the minor axis of the cross-section of the stem, the angle between both lines was the anteroposterior tilt.
The minimum thickness of cortical bone, cancellous bone and cement mantle were calculated in the plane of the CT scan. The smallest thickness of cement mantle was also assessed three-dimensionally (3D), outside the plane of the CT scan. Statistical analysis. Dimensional parameters derived from the paired femora were compared by a paired t-test, while frequencies were compared by a chi-squared test. Statistical significance was set at p < 0.05.
Results
In total 5330 CT scans of the 22 femora were segmented and examined distally from the calcar over a length of 111 to 132.5 mm, depending on the size of the prosthesis. Approximately 220 to 260 scans were obtained for each specimen. The mean radius of undersized stems, as measured by the segmentation software, was 0.89 mm (SD 0.13) smaller (p < 0.001) than that of line-to-line stems. Volumes of stem, cement and bone. The total volumes of the stem, cement, cortical and cancellous bone and the intramedullary filling index, defined as the volume of an element/total volume of cancellous bone x 100, of the stem, cement and retained cancellous bone, were calculated in each specimen (Table I) . Paired cadaver femora were similar in total volume and content of cortical and cancellous bone. As expected, the mean volume occupied by the undersized stems and their filling index were smaller than those of line-to-line stems. However, the cement volume and cement filling index of the smaller stems were greater than for line-to-line stems. Hence, the volume and filling index of the remaining cancellous bone not containing cement was similar in both cases. Thickness of the cement mantle and cancellous bone. The effective thickness of the cement mantle including cement pressurised into cancellous bone was evaluated in 3D and averaged in 72 segments of 5˚ around the centroid of the prosthesis within each CT slice (Fig. 3) . In total 383 760 5˚ segments (72 segments/CT scan x 5 330 images) were measured (line-to-line, 192 024; undersized, 191 736). The mean thickness of cement was 3.08 mm (SD 0.56) in line-toline increasing to 3.85 mm (SD 0.58) in undersized stems (p < 0.001).
This difference was most marked in the calcar region, but in both types of implant thickness was greatest proximally and least in the middle and distal sections.
Comparing undersized and line-to-line stems (Table II) , a significant increase in cement thickness was found in all regions of the femur including the calcar, the medial quarter of the proximal 1/6 of the specimen. Areas of cement defects (mean cement thickness < 1 mm) and areas of thin cement (< 2 mm) were assessed in 72 5˚ segments around the centroid of the prosthesis in all CT scans. Cement defects were present in 6.2% (SD 4.6) of the mantles of line-to-line compared with only 1.0% (SD 0.9) of undersized stems (p = 0.002). Similarly, the prevalence of thin cement was 26.4% (SD 11.4) in line-to-line compared with 11.6% (SD 5.2) in undersized stems (p < 0.001). The corner regions of each stem had a higher incidence of cement defects (line-to-line, 9.9%; undersized, 1.3%) and areas of thin cement (line-to-line, 36.8%; undersized, 13.8%) than the flat sections (defects: line-to-line, 3.9%; undersized, 0.9%; thin cement: line-to-line, 13.7%; undersized, 10.3% (chi-squared test, p < 0.001)). Moreover, for stems inserted line-to-line, areas of thin or deficient cement were less prevalent in the proximal third of the specimens compared to the distal and middle thirds. A similar pattern was observed for the undersized stems, but the differences were not always statistically significant (Table III) .
The mean thickness of the retained cancellous bone not containing cement was similar in both types of stem (line- Fig. 4) . Degree of centralisation and alignment of the stem. Centralisation of the stem within the cement mantle and the cancellous bone was calculated from the distances between the respective centroids for each CT scan and averaged. The mean centralisation within the cement mantle was 1.28 mm (SD 0.57) for line-to-line stems without a centraliser, but deteriorated to 1.71 mm (SD 0.61) for undersized stems, despite the use of a distal centraliser (p = 0.005), mainly due to poorer centralisation of the undersized stems in the middle part of the specimens (regions 2/6, 3/6 and 4/6).
In both cases, the overall centralisation of the stem within the cancellous cavity was not as good as that within the cement mantle (line-to-line, 1.28 mm (SD 0.57) vs 2.88 mm (SD 0.99), p < 0.001; undersized, 1.71 mm (SD 0.61) vs 3.13 mm (SD 1.15), p < 0.001). The lack of centralisation in the cancellous cavity was most marked in the proximal onethird of the specimen due to the posterior and lateral shift of the centroids of the cancellous bone in the asymmetrical area of the lesser and greater trochanters. Accordingly, stem centralisation in cancellous bone can only be expected in the distal two-thirds of the specimen. However, even when a centraliser was used for insertion of undersized stems the position of the line-to-line stems was better (undersized distal 2/3: 1.68 mm (SD 1.15); line-to-line, distal 2/3: 1.38 mm (SD 1.08); p = 0.042). Segmented CT scans of a line-to-line Charnley-Kerboul stem replica. Areas of deficient and thin cement (arrows) are mainly located in corner areas and are mainly supported by cortical bone.
The alignment of the stem, the average global tilt (the angle between the directional vectors of both fitted lines), the varus-valgus angle measured in the frontal plane of the stem and the anteroposterior angle measured in the sagittal plane was very similar for both methods of implantation (Table IV) . In all cases, alignment was found to be acceptable, the maximal global misalignment being less than 3( 2.60˚; frontal, 1.74˚, sagittal, 2.43˚). These extreme values were all found in the undersized group.
Cement defects or areas of thin cement were poorly correlated with the global stem tilt (Pearson's correlation coefficients: -0.38 to 0.13) or with alignment of the stem into the cement and into the medullary cavity (Pearson's correlation coefficients: -0.23 to 0.31).
Discussion
Using a validated technique based on CT scanning, 27, 28 we have found that cementing a polymeric facsimile of a Charnley-Kerboul stem line-to-line resulted in a decreased volume of cement and a thinner cement mantle containing more cement defects (< 1 mm) and more areas of thin cement (< 2 mm) compared with a similar undersized stem. Nevertheless, using a modern cementing technique and a line-to-line stem, cement with a thickness of more than 3 mm could be pressurised into cancellous bone. Similar findings concerning the ability to pressurise cement into cancellous bone have been reported using different techniques such as CT, 31 femoral cross-sections 14, 23, 24, 32, 33 and microradiography. 25 With a line-to-line technique of implantation, cement pressurisation into cancellous bone resulted in only 6.2% of segments containing cement defects and 26.4% of areas of thin cement. When using an undersized stem this decreased to 1.0% and 11.6%, respectively. These results are in agreement with those reported by Valdivia et al 31 (six different stem types: < 1 mm; 0.9 to 7.5%; < 2 mm; 9.0% to 28.5%) and Mann et al 14 (one stem type: < 2 mm; 17.6%). Deficient and thin cement mantles were predominantly found at the corners of the stem and were less common in the proximal one-third of the specimens especially with line-to-line stems. The cement mantle was also thicker in the proximal one-third of the specimen since more cancellous bone was available for interdigitation. This may be important since it is the proximal part of the cement-bonestem construct which is most likely to suffer microdamage during loading of the stem. 33 Areas of thin and deficient cement were predominantly supported by cortical bone or less than 1 mm of cancellous bone. Similar amounts of cancellous bone were retained irrespective of whether line-to-line or undersized implantation was performed. Altogether this suggested that the extent of ingress of cement into cancellous bone depended more on the cementing technique and the broaches used than on the size of the stem.
Use of the line-to-line technique without a distal centraliser produced alignment of the stem and centralisation which was at least as good as when implanting an undersized stem with a distal centraliser. This contrasts with several other studies 3, 12, 18, 34 which reported improved alignment of the stem and homogeneity of the cement mantle when using a distal centraliser with undersized implants.
The designers of the Charnley-Kerboul stem developed it to fit and fill the proximal femoral canal, with complete removal of cancellous bone, especially in the medial compression zone. 22 The intention was to avoid subsidence and migration into varus, a phenomenon reported when some types of stem are implanted undersized compared with the femoral canal. 22, 23, 35, 36 The reduction to about 1 mm of cancellous bone in the calcar region was confirmed for both line-to-line and undersized stems. This was determined by the shape of the broach and the adequacy of the cement pressurisation which we used.
Theoretically, inserting a stem with the same dimensions as the largest broach used may enhance penetration of cement. Previous work has shown that preventing outflow of cement during insertion of a stem generated high intramedullary pressures. 25, 37, 38 Insertion of larger stems increased this pressure even further, especially in the middle and distal part of the canal and, to a less extent, in the proximal femur. 39 With outdated cementing techniques this has resulted in enhanced penetration of cement into cancellous bone, especially in the proximal part of the femur where more cancellous bone was available. 23 However, in our study using third-generation cementing methods in the absence of any blood contamination, we failed to demonstrate any difference in the amount of cement-free cancellous bone between undersized and line-to-line stems suggesting that the effect of a bulkier stem on the penetration of cement into cancellous bone was negligible when ideal cementing conditions prevailed. Cortical point contact during stem insertion may improve alignment of the stem into the proximal medullary cavity. In our study lineto-line stems without a distal centraliser were better aligned than undersized stems fitted with a centraliser.
According to the designers, 22 line-to-line implantation of Charnley-Kerboul stems resulted in large areas of stembone contact, the cement only filling up the remaining gaps. This was not confirmed by our study. We found on average that only 6.2% of the cement mantle was defective (< 1 mm) and 26.4% of the mantle thin (< 2 mm) probably due to the use of chipped tooth broaches that get blocked as soon as a three-point cortical contact is achieved and the modern cementing technique which pressurises large quantities of cement into the remaining cancellous bone. 24, 25, 32, 40 Cement can be pressurised into cancellous bone but will be limited by cortical bone. Most areas of thin or deficient cement were lined with cortical bone or less than 1 mm of cancellous bone, particularly in line-to-line stems. We propose that the support provided by cortical bone in those areas is greater than that afforded by weaker cancellous bone. In the calcar region the presence of weak cancellous bone has been detrimental in clinical practice, 9,22 during biomechanical testing 25, 33 and in finite element modelling. 11 In line-to-line implantation of a Charnley-Kerboul stem the low incidence of cancellous bone in areas of thin cement and their location predominantly in the distal twothirds probably accounts for these areas being well tolerated in clinical practice.
In conclusion, the use of undersized Charnley-Kerboul stems instrumented with a distal centraliser increased the quantity of cement and the mean thickness of the cement mantle resulting in fewer areas of thin or deficient cement. However, it is doubtful if this could improve the excellent long-term results reported with this and other types of stem using a line-to-line implantation technique.
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